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MODULATION OF ENZYME ACTIVITY BY CHANGING 
RECIPROCAL STEREO-GEOMETRIC POSITIONS OF TWO 
CATALYTIC CENTERS IN AN ENZYME 

BACKGROUND 

Recombination between sequences on two distinct duplex 
DNAs, or between sequences, which are separated by an 
intervening sequence on the same DNA duplex, occurs in all cells 
capable of self-replication. Four-way Holliday junctions in DNA are a 
feature of recombination reactions and are generated in both 
homologous and site-specific recombination reactions (Lilley, D.M.J. 
PNAS 94, 9513-9515 (1997)). The penultimate stage of 
recombination involves resolution of the four-way junction by 
catalysis. The catalysis is achieved by structure-specific nucleases 
identified as resolvases (Aravind, L, et al. Nuc. Acid Res. 28:3417- 
3432 (2000)). Resolvases are widespread in cells and additionally 
are expressed by viruses. Resolvases have diverse properties. The 
crystal structures of a number of resolvases have been reported, 
including that of T7 Endonuclease I (T7 Endo I) (Hadden, J.M., et 
al. Nat Struct Biol. 8:62-67 (2001)). 

T7 Endo I has two catalytic centers that are juxtaposed in a 
way that prevents the enzyme from forming a productive complex 
with regular linear DNA but enables it to specifically bind and cleave 
branched, perturbed or flexible DNA. The three-dimensional 
structure of T7 Endo I shows that the two catalytic domains are well 
separated and connected only by the p-sheet bridge (Hadden, J.M., 
et al. Nat Struct Biol. 8:62-67 (2001)). The bridge forms part of 
an extended and tightly associated anti-parallel p-sheet (p2). 
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17 Endo I is a stable homodimer of 149 amino acid subunits 
(Parkinson, M.J. and Lilley, D.MJ. J. Mol. Boil. 270:169-178 
(1997)). It is very basic (pi calc 9.5) and binds tightly (Kd 2nM) to 
four-way junctions in dimeric form. T7 Endo I resolves four-way 
junctions by simultaneously introducing two nicks on the two 
continuous strands, at sites 5' to the junction (Declais, A., et al. 
EMBOJ. 22:1398-1409 (2003)). This structural analysis shows that 
T7 Endo I forms an intimately associated symmetrical homodimer 
comprising two catalytic domains connected by a bridge. Each 
catalytic domain is composed of residues 17-44 from one subunit 
and residues 50-145 from the other. 

Resolvases including T7 Endo I are structure-specific 
endonucleases capable of cleaving a broad range of DNA molecules 
with a variety of structures such as branched structures and single- 
base mismatched heteroduplexes (Mashal, R.D., et al. Nat. Genet. 
9:177-183 (1995)). This broad substrate specificity makes it 
difficult to identify the common structural features of the substrate 
that the enzyme selectively recognizes and cleaves (White, M.F., et 
al. J. Mol. Biol 269:647-664 (1997)). The broad substrate specificity 
may also contribute to the toxicity of the resolvase in host cells. 

It would be desirable to reduce the toxicity of the enzymes 
having a similar structure to T7 Endo I to facilitate their 
overproduction for use as reagents in molecular biology. It would 
also be desirable to selectively favor specific enzyme activities. 
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5 SUMMARY 

An embodiment of the invention provides a modified DNA 
cleaving enzyme having at least 35% amino acid sequence identity 
with T7 Endo I, two catalytic centers separated by a p-bridge, and a 
10 mutation of at least one amino acid in the p-bridge that has an 
effect of altering cleavage activity. 

In an embodiment of the invention, a feature of the modifed 
DNA cleaving enzyme is reduced toxicity in a host cell permitting 
15 over-expression of the DNA cleaving enzyme. 

In other embodiments of the invention, the modified DNA 
cleaving enzyme is capable of at least one of: cleaving cruciform 
structures in DNA; cleaving DNA at a site flanking a mismatch base 
20 pair; cleaving DNA in a non-sequence specific manner; nicking in a 
non-sequence dependent manner; and nicking opposite a pre- 
existing nick site. Cleavage on both strands of a DNA duplex results 
in a single stranded overhang of less than 11 nucleotides. 

25 In comparison with the unmodified enzyme, the altered 

enzyme cleavage activity of the modified enzyme may, in certain 
embodiments, include a broadened enzyme specificity. For example, 
for the enzyme having a mutation in the p- bridge, DNA cleaving 
activity can occur at a site flanking a mismatch in a duplex after 

30 recognition of a mismatch containing any of A, T, G or C bases. 



In another embodiment of the invention, an alteration in the 
enzyme cleavage activity of the modified enzyme compared to the 
unmodified enzyme occurs in a manganese-containing buffer. For 
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5 example, the alteration in cleavage activity may be one of: 

maintenance of cleavage activity; reduction of non-specific nuclease 
activity; enhanced nicking activity opposite a pre-existing nick site; 
and a decreased ratio of nicking to double strand cleavage. 

10 In another embodiment of the invention, an alteration in the 

enzyme cleavage activity of the modified enzyme compared to the 
unmodified enzyme occurs in a magnesium-containing buffer. 
Accordingly, the observed altered enzyme activity is selected from: 
an increased ratio of nicking of a cruciform structure in the DNA 

15 relative to double strand cleavage; an increased ratio of cleaved 
DNA of a cruciform to non-cleaved DNA; a reduced ratio of non- 
specific nuclease activity; and a reduction in nicking opposite a pre- 
existing nick site. 

20 The altered enzyme activity of the modified enzyme can be 

enhanced or reduced activity by modifying reaction conditions. For 
example, modified reaction conditions may result from changing at 
least one of: pH, temperature, addition of manganese ions to a 
magnesium containing buffer or vice versa or changing the 

25 concentration of magnesium or manganese ions in the reaction 
mixture; and time of incubation of reactants. 

In an embodiment of invention, the DNA cleaving enzyme is 
selected from gene 3 (enterobacteriophage T7), 17 
30 endodeoxyribonuclease I, Yersinia pestis phage phiA1122 
endonuclease, Phage Phi Ye03-12 endonuclease, Phage T3 
endonuclease, phage T3 endodeoxyribonuclease , Pseudomonas 
phage gh-1 endonuclease, psuedomonas putida KT2440 
endodeoxyribonuclease I; and Roseophage S101 RP endonuclease I. 
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5 

In an embodiment of the invention, the modifed enzyme has 
a mutation at a PA site in the p-bridge. For example, this mutation 
may be a deletion (A PA (where (A) corresponds to "deletion"), or a 
substitution of PA such as a single amino acid, a dipeptide, a 
10 tripeptide or a tetrapeptide substitution. Examples of substitutions 
include: PA/A, PA/AA, PA/PGA, PA/PAPA, PA/K, PA/G, PA/D and 
PA/P (where PA/A corresponds to a substitution^) of PA dipeptide 
with A amino acid). 

15 In an embodiment of the invention, the PA dipeptide is 

located at position 46 and 47 in SEQ ID. No. 12. 

In an embodiment of the invention, a nucleic acid is provided 
that includes a DNA sequence that substantially corresponds to SEQ 

20 ID NO:l wherein at least one mutation has been introduced into the 
nucleotide sequence corresponding to the p-bridge. For example, 
the mutation may be included at a site, which encodes the PA in the 
p-bridge. In this example, the mutation at the site that encodes PA 
may be any of a substitution or deletion such that the substituted 

25 nucleic acid encodes a single amino acid, a dipeptide, a tripeptide 
and a tetrapeptide. In a further example, the at least one mutation 
results in an amino acid change selected from PA/A, PA/AA, 
PA/PGA, PA/PAPA, APA, PA/K, PA/G, PA/D and PA/P. 

30 In embodiments of the invention, a vector is provided that 

includes any of the above examples of nucleic acids. In addition, a 
host cell is provided that includes any vector that includes a nucleic 
acid as described above. 
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5 In a further embodiment of the invention, a kit is provided 

that contains at least one of: a DNA cleaving enzymes in which a 
mutation has been introduced into the p-bridge as described above, 
a nucleic acid encoding the enzyme, a vector containing the nucleic 
acid, or a host cell containing the vector described above. 

10 

In a further embodiment of the invention, a method is 
provided for modifying enzyme catalytic activity that includes: 
selecting an enzyme having two catalytic centers connected by a p- 
bridge, the catalytic centers being located at reciprocal stereo- 
15 geometric positions in the enzyme; and changing the reciprocal 
stereo-geometric position of the two catalytic centers by introducing 
a mutation into the p-bridge. 

In a further embodiment of the invention, a method is 
20 provided for determining whether a DNA substrate has a single 
nucleotide polymorphism (SNP). The method includes the steps of: 
contacting the DNA substrate with a modified DNA cleaving enzyme 
as described above; and determining from the cleavage product 
whether the DNA substrate has the SNP. It can further be 
25 determined which nucleotide forms a SNP and the location of the 
SNP (see for example Figure 11) 

In a further embodiment of the invention, a method is 
provided of forming a shotgun cloning library, that includes the 
30 steps of (a) incubating a modified DNA cleaving enzyme as 

described above with a DNA to form non-sequence specific cleavage 
fragments of the DNA that are ligatable; the ligatable DNA being 
capable of insertion into a vector for cloning in a host cell; and 
forming the shotgun cloning library. 
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In a further embodiment of the invention, a method for 
mapping nicks in a DNA is provided having the following steps: 
(a) incubating an enzyme according to the above with the DNA in a 
manganese-containing buffer; (b) permitting nicking to occur across 
10 from a pre-existing nick site to form double-stranded DNA with 
single strand overhangs; and (c) mapping the nicks in the DNA. 

In a further embodiment of the invention, a method is 
provided for over-expressing T7 endonuclease 1, that includes 
15 selecting a host cell as above and over-expressing the T7 
endonuclease 1. 



20 



BRIEF DESCRIPTION OF THE FIGURES 

In the figure descriptions below, unless otherwise stated, 
"buffer" refers to standard buffer and Mn 2+ or Mg 2+ buffer refers to 
the standard buffer plus 2mM of the metal salt. 



25 Figure 1 shows an SDS-PAGE analysis of expression and 

purification of unmodified MBP-T7 Endo I (ME) protein fusion. 

Cultures of ER2566 containing pME, pME(PA/A) and pME(APA) 
were grown at 37°C to mid-log phase, then at 30°C with 0.5 mM 

30 IPTG for 5 hours. The induced cells were harvested by 

centrifugation, suspended in standard buffer (20 mM Tris pH 7.6, 50 
mM NaCI and 1 mM EDTA) and opened by sonication. After cell 
debris was removed by centrifugation, the crude cellular extracts 
were applied onto an amylose column. After the crude extracts 

35 flowed through, the column was washed with the buffer extensively. 
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5 The fusion protein was eluted with the buffer containing 10 mM 
maltose. SDS-PAGE was carried out on a 10-20% gradient gel. 30 
nl samples of the induced culture were used for each lane. 

Lanes are labeled as follows: C, crude cellular extracts, F, the 
10 flow through fraction and E, maltose elution fraction. 

Figure 2 shows determination of enzyme activity by titration 
assay. 1 ng of pUC(AT) in 20 \i\ of either 2mM MgCI 2 or 2mM MnCI 2 
in standard buffer was incubated with variable amounts of enzyme 
15 at 37°C for 30 minutes. Adding DNA sample buffer on ice stopped 
the reactions. The samples were resolved on a 1.2% agarose gel 
with ethidium bromide. 
Lane assignments in all panels are: 

lane 1, no enzyme; lane 2, 5ng enzyme; lane 3, 2.5ng 
20 enzyme; lane 4, 1.25ng enzyme; lane 5, 0.63ng enzyme; 

lane 6, 0.32ng enzyme 
Panels are: 

Panel al shows ME(WT) in Mg 2+ buffer 
Panel a2 shows ME(WT) in Mn 2+ buffer 
25 Panel bl shows ME(PA/A) in Mg 2+ buffer 
Panel b2 shows ME(PA/A) in Mn 2+ buffer 
Panel cl shows ME(APA) in Mg 2+ buffer 
Panel c2 shows ME(APA) in Mn 2+ buffer 

30 Figure 3 shows cleavage of pUC(AT) by ME(APA) in two step 

reactions. 

In Panel a, pUC(AT) was incubated with the enzyme ( DNA/ 
enzyme: l|xg/1.5ng) at 37°C in Mg 2+ standard buffer. At variable 
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time points, an aliquot of sample was withdrawn and mixed with 
DNA sample buffer on ice. The collected samples were resolved on a 
1.2% agarose gel with ethidium bromide. 

In Panel b, the experiment was performed as in Panel A, 
except the DNA/enzyme was lug /0.5ng. 

Figure 4 shows the determination of non-specific nuclease 
activity by gel electrophoresis. 1 ng of lambda DNA was incubated 
with variable amounts of enzyme in 20 \i\ of either Mg 2+ or Mn 2+ 
buffer at 37°C for 30 minutes. The reaction was stopped by adding 
DNA sample buffer, then analyzed by agarose gel electrophoresis. 

Lanes: lane 1, no enzyme added; lane 2, with 3ng of enzyme; 
lane 3, 16ng; 4, 80ng; 5, 400ng 

In Panel al, ME in Mg 2+ buffer. 

In Panel a2, ME in Mn 2+ buffer. 

In Panel bl, ME(PA/A) in Mg 2+ buffer. 

In Panel b2, ME (PA/A) in Mn 2+ buffer. 

In Panel cl, ME(APA) in Mg 2+ buffer. 

In Panel c2, ME(APA) in Mn 2+ buffer. 

Figure 5 shows the determination of nick site cleavage activity 
of the DNA cleaving enzyme. 

Figure 5A shows pNBI plasmid having a nick site and a 
restriction site. The plasmid was nicked by N.BstNBl and then 
digested with BsaHI to yield a linearized double-stranded molecule 
containing a nick. 
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Figure 5B shows the results of different enzyme mixtures by 
gel electrophoresis. 

Lane 1, pNB I DNA; 

Lane 2, pNB I digested with N.BstNB I; 
Lane 3, with N.BstNB I, then with BsaH I; 
Lane 4, with N.BstNB I and BsaH I, then with lOng of ME in 
Mg 2+ buffer at 37°C for 30 minutes; 
Lane 5, with BsaH I; 
Lane 6, with BsaH I, then with ME. 

Figure 6 shows the determination of nick site cleavage in the 
presence of different metal ions, lug of the prepared substrate 
incubated with variable amounts of modified or unmodified enzyme 
at 37°C for 30 minutes in either Mg 2+ or Mn 2+ buffer. The digests 
were resolved on agarose gel. 

Lanes for all panels: Lane 1, no enzyme; Lane 2, with 2.5ng 
of enzyme; Lane 3, 5ng; Lane 4, lOng; Lane 5, 20ng. 

In panel al, the unmodified enzyme ME (WT) was used in 

Mg 2+ buffer. 

In panel a2, ME (WT) in Mn 2+ buffer. 
In panel bl, ME(PA/A) in Mg 2+ buffer. 
In panel b2, ME(PA/A) in Mn 2+ buffer. 
In panel cl, ME(APA) in Mg 2+ buffer. 
In panel c2, ME(APA) in Mn 2+ buffer. 

Figure 7 shows the determination of the cleavage pattern at a 
DNA nick site by a modified DNA cleaving enzyme. Schematic 
representation of the method for analyzing the cleavage pattern at 
a nick site is provided. 
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5 

Figure 8 shows the determination of DNA cleavage at single 
base mismatches by modified and unmodified DNA cleaving enzyme 
using hybrid mixtures as substrates. 0.5 \ig of each of hybrid 
mixture substrates was incubated with 20-30ng of enzyme in a 20 
10 nl reaction at 37°C for 30 minutes. The digests were resolved on an 
agarose gel. 

Lanes for each panel: lane C, PCR product pcrAAT DNA or 
pcrACT as control; lane 1, hmAAT x ACT; lane 2, hmAAT x AGT; 
15 lane 3, hmAAT x ATT; lane 4, hmACT x AGT; lane 5 hmACT x ATT; 
and lane 6, hmAGT x ATT. 

In panel al, ME in Mg 2+ buffer 

In panel a2, ME in Mn 2+ buffer. 

In panel bl, ME(PA/A) in Mg 2+ buffer. 
20 In panel b2, ME(PA/A) in Mn 2+ buffer. 

In panel cl, ME(APA) in Mg 2+ buffer. 

In panel c2, ME(APA) in Mn 2+ buffer. 

Figure 9 shows how DNA substrates are generated for 
25 determination of enzyme activity on each individual single base 
mismatched DNA. 

Panel A shows a schematic representation of preparation of an 
individual DNA heteroduplex with a definitive single-base mismatch. 
30 For making positive strand DNA, non-phosphorylated forward 

primer, pr-1 and phosphorylated reverse primer, P-pr-2 were used 
for PCR. The bottom strand, or the negative strand of the PCR 
product was removed by lambda exonuclease. The negative strand 
DNA was prepared by the same method as the positive one except 
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5 that phosphorylated forward primer P-pr-1 and non-phosphorylated 
reverse primer pr-2 were used. 

Panel B is an example for generating a single-base 
mismatched heteroduplex by annealing two purified single stranded 
10 DNAs 

Lane 1, double stranded DNA produced by PCR, pcrAAT or 
pcrACT; 

Lane 2, the positive (top) strand ssACT(+) isolated from 
pcrACT; 

15 Lane 3, the negative (bottom) strand ssAAT(-) isolated from 

pcrAAT; 

Lane 4, single-base mismatch (C/T) heteroduplex produced 
by annealing the purified positive strand with the negative one. 

20 Figure 10 shows the determination of DNA cleavage by 

modified or unmodified DNA cleaving enzymes at individual single- 
base mismatches. 16 DNA duplexes were generated by annealing 
each one of the 4 isolated positive strands with each one of the 4 
negative strands. Among them 4 were regular (perfect match) 

25 duplexes; 12 were heteroduplexes with single-base mismatches. 
0.2-0.3 ng of the prepared duplex DNA were incubated with 10-15 
ng of enzyme in 10 |xl of either Mg 2+ or Mn 2+ buffer at 
37°C for 20-30 minutes. The digests were resolved on agarose gels. 
In panel al and a2, different duplexes were incubated with 

30 ME in Mn 2+ buffer. 

In panel bl and b2, they were incubated with PA(PA/A) in 
Mn 2+ buffer. 
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Figure 11 shows the determination of the cleavage pattern by 
a modified DNA cleaving enzyme at base mismatch sites. 

Panel a is a schematic representation of the experiment. 

Panel b shows the experimental intermediate products 
resolved on a 1.2% low-melting agarose gel. 

Lane 1, the mixed open plasmids after melt-anneal 
treatment; 

Lane 2, after treatment with T4 ligase; 

Lanes 3 and 4, after cleavage with ME(PA/A) in Mn 2+ buffer 
followed by blunting the ends with T4 DNA polymerase. The arrow 
symbol indicates the linear plasmid band that was excised and used 
for transformation after ligation. 

Panel c shows a DNA sequence correlating to (a) and (b). 

Figure 12 shows the three-dimensional structure of 17 Endo I 
and the p-bridge. The homodimer is shown at left with one 
monomer displayed in light gray and the other in dark gray. At the 
right is a detail of the p-bridge showing the positions of the proline 
and alanine residues mutated in this study. Residues marked with 
(b) refer to the second monomer (light gray). 

Figure 13 shows the DNA and amino acid sequence for 
unmodified T7 Endo I. 

Figure 14 are protein sequences from phage that have at 
least 35% amino acid identity with the T7 Endo I sequence in Figure 
13. 

Figure 15 is a map of cleavage sites in lambda showing that 
nicking with modified T7 Endo I is random. Full length linear lambda 
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5 phage DNA was digested with the ME fusion enzyme containing the 
PA to A sequence modification (ME[PA/A]) in the presence of 2mM 
MnCI 2 . DNA fragments from the reaction were purified by phenol 
extraction and EtOH precipitation. After resuspension, the ends of 
the DNA fragments were filled in using T4 DNA polymerase and 

10 dNTPs (12°C or room temperature, 30 min). The blunt-ended 
fragments were inserted into the EcoRV site of cloning vector 
Litmus28 by adding aliquots of the ligation reaction to gel-purified 
Litmus28 that was previously digested with EcoRV and 
dephosphorylated with Calf Intestinal Phosphatase (CIP). The 

15 ligation mixture was used to transform competent E. coli TBI cells. 
DNA was purified from ampicillin resistant transformants and the 
inserts sequenced. Recovered sequence was examined to locate 
vector-insert junctions and junctions between normally non- 
contiguous fragments of lambda DNA. The endpoints of the 

20 junctions were mapped to the complete lambda DNA sequence. 

The distribution of cleavage sites on the lambda genome are shown 
here using ME[PA/A] where this distribution is random. 

25 

DETAILED DESCRIPTION 

Abbreviations: MBP, maltose binding protein, ME, maltose 
binding protein - T7 endonuclease 1 conjugate, PCR, polymerase 
30 chain reaction, PAGE, polyacrylamide gel electrophoresis, MCS, 
multiple cloning site, dNTP, deoxyribonucleotide triphosphate, ATP, 
adenosine triphosphate, SNP, single nucleotide polymorphism. The 
term nuclease is used interchangeably with endonuclease. 
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5 

"Cleavage" refers to a break in one or both of the strands of 
a duplex at opposite positions. 

"Opposite positions" refers to sites on the top and bottom 
10 strands of the duplex DNA, where the sites are separated by less 
than 11 bases from each other. 



The present embodiments apply to a class of enzymes 
characterized by a similar architecture to T7 Endo I and Including T7 

15 Endo 1 namely having two catalytic domains and a p-bridge (see for 
example, Figure 12). Enzymes in this class can be identified using 
the Conserved Domain Architecture Retrieval Tool (CDART) program 
of the National Center for Biotechnology Information (Geer, Lewis 
Y., et al. Genome Research 12:1619-1623 (2002)) or by other 

20 predictive programs, based on searches employing the sequence of 
T7 Endo I (Figure 13). 

Examples of enzymes identified in this manner include: T odd 
phages or related viruses including Enterobacteria phage T7, 

25 NP_848275, endonuclease of Yersinia pestis phage phiA1122; 
NP_813757 putative endonuclease of Pseudomonas phage gh-1; 
NP_744417, phage endodeoxyribonuclease I of Pseudomonas putida 
KT2440; NP_523312, endonuclease of Bacteriophage T3; 
NP_064756, RP Endonuclease I of Roseophage SIOl; and 

30 NP_052083, endonuclease of Bacteriophage phiYe03-12. In 

addition other related phages such as SP6, bacteriophage phiKMV, 
Enterobacteria phage Kl-5, Vibriophage VpV262, BA14, BA127 and 
BA156 may encode similar enzymes. 
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5 Examples of enzymes having at least 35% amino acid identity 

with T7 Endo I are listed in Figure 14. 

The reciprocal stereo-geometric positions of the two catalytic 
centers in an enzyme of the above class can be changed by 

10 introducing mutations into the bridge without changing the catalytic 
centers per se, using genetic or biochemical means. Consequently, 
as exemplified herein, mutations were introduced into the p-bridge 
site without interfering with the folding and function of the catalytic 
domain (Example 1). Embodiments of the invention are not 

15 intended to be limited by (a) the exemplified methods for 

introducing mutations into sites in the p-bridge or (b) any particular 
location of the mutation within the bridge. The term "mutation" is 
intended to mean deletion, substitution or addition of one or more 
amino acids in the enzyme. 

20 

Mutations in the bridge portion of the enzyme resulted in 
shifting the enzyme activity profile to different substrates and in 
alteration of the reaction kinetics and distribution of the final 
products. Additionally, mutations in the bridge portion result in 

25 altered enzyme activity profiles in different salt solutions. A 

practical consequence of the observed changes in properties of a 
modified enzyme compared with aunmodified enzyme is the 
reduced toxicity of the enzyme activity in vivo while enzyme activity 
is preserved or enhanced in vitro. Consequently, the modified 

30 enzyme can be cloned and over-expressed in host cells because of 
its reduced toxicity to the host cell. This makes it possible to 
produce amounts of enzyme suitable for its practical use as a 
reagent for molecular biology applications. 
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5 The change in the activity profile of the modified enzyme as a 

result of one or more mutations was achieved when (i) one or more 
mutations were introduced in the p-bridge segment that connects 
the two well-separated catalytic domains, and/or (ii) the reaction 
conditions were manipulated. For example, the metal ion 

10 composition of the reaction buffer was selected to provide an 
altered activity profile for the enzyme. In the Examples, 
magnesium or manganese ions were included in the reaction buffer. 
These buffers may also be used together to further modify the 
enzyme activity of the mutants. For example, if manganese ions are 

15 added to the reaction mixture containing magnesium ions, the non- 
sequence specific nicking can be reduced. The use of metal ions 
other than magnesium or manganese, either alone or together with 
magnesium or magnesium at various concentrations in the reaction 
buffer is not precluded. 

20 

In embodiments of the invention, computational analysis of 
the T7 Endo I structure and in particular the p-bridge revealed that 
the bridge constitutes part of the dimer interface, and that residues 
are bound to each other by hydrogen bonds except for the two 
25 residues, P46 and A47, at the bridge center (Figure 12). The two 
residues are located at the geometrical center of the protein, 
rendering it flexible. 

Genetically changing the distance between the two catalytic 
30 centers was achieved by introducing mutations into the p-bridge 
site of the protein. For example, for T7 Endo I, PA/A, PA/AA, 
PA/PGA, PA/PAPA, APA, PA/K, PA/G, PA/D and PA/P mutants were 
made with altered enzyme activity which was established in reaction 
buffers containing magnesium or manganese ions using a variety of 
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5 DNA substrates including mismatch duplex DNA, duplex DNA 

containing nicks, un-nicked duplex DNA and DNA having cruciform 
structures. The conformational flexibility of a protein having a 
structure similar to T7 Endo I contributes to the broad substrate 
specificity of the enzyme. Surprisingly, nucleotide substitutions in 

10 the p-bridge that were of variable length (single amino acid, 

dipeptide, tripeptide or tetrapeptide), negatively charged, positively 
charged, or neutral in charge, flexible in structure or inflexible in 
structure revealed altered enzyme activities of the type described 
herein. 

15 

Approximately twenty-four p-bridge site mutants were 
generated. The proteins were purified and characterized (see for 
example, Example 1) All the mutations in some way altered the 
activity profile of the enzyme. Two active deletion mutants, 

20 ME(PA/A) and ME(APA), were characterized extensively (see 

Example 1). As expected, the two catalytic domains in the mutants 
were folded correctly and were fully active, since both could resolve 
cruciform DNA with an efficiency similar to that of the wild type 
protein. For resolving cruciform structures, the wild type enzyme 

25 required Mg 2+ for its activity. The activity was reduced by 20 fold or 
more if Mg 2+ was replaced with Mn 2+ . For the two mutants, the 
metal ion requirement was relaxed. The mutant proteins were 
almost equally active in either Mg 2+ or Mn 2+ buffer. However, the 
kinetics and the final products with ME(APA) were changed. This 

30 mutant could no longer simultaneously cleave both strands across 
the cruciform structure on plasmids. Instead, it nicked one strand 
first at the site in a rapid reaction, resulting in relaxation of the 
cruciform, then cleaved the other strand at the generated nick in a 
separate slow reaction. 
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For cleavage of DNA at nicks or base mismatches and for the 
non-sequence specific nuclease activity, the requirements for metal 
ions among the enzyme and its mutants were shifted again. This 
time the wild type ME remained about equally active in either Mg 2+ 
or Mn 2+ buffer. For the mutants, however, these activities, were 
significantly reduced in Mg 2+ buffer. Mn 2+ became the required 
divalent metal ion. In Mn 2+ buffer, ME(PA/A) could recognize and 
cleave DNA at nick sites and at certain types of single-base 
mismatch sites even more efficiently than its wild type counterpart. 

One of ordinary skill in the art will appreciate that a duplex 
DNA can be described as having a top strand and a bottom strand 
and that a mismatch occurs when a nucleotide at a position on the 
top strand is not complementary to the nucleotide at the same 
position on the bottom strand. Cleavage with the DNA cleaving 
enzyme can cause at least one of (a) a break at a 3' flanking site of 
the mismatched nucleotide on the top and bottom strands or (b) a 
break at the 5' flanking site of the mismatch on the top and bottom 
strands where the flanking site is preferably less than about 11 
nucleotides from the mismatch. 

Mutants of enzymes in which amino acids in the bridge have 
been altered or deleted can be significantly less toxic than the wild 
type enzymes in vivo. Mutants such as ME (PA/A) appear to have 
significantly reduced non-specific nuclease activity in the presence 
of Mg 2+ (present in the host cell in millimolar concentrations). This 
makes it possible to over-express a mutant T7 endonuclease I such 
as ME(PA/A). Moreover, the mutant has enhAnced resolvase activity 
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5 in Mn 2+ (not present in the host cells) compared with the wild-type 
enzyme. 

Enzymes belonging to the T7 endonuclease class (including 
proteins with at least 35% identity in amino acid sequence), in 
10 which one or more mutations have been introduced into the protein 
outside the catalytic domains and preferably within the bridge 
between the catalytic domains, have advantageous properties. 
Examples of advantageous properties as exemplified by T7 Endo I 
are: 

15 

1. The unmodified enzyme is toxic to cells while the modified 
enzyme is not thereby permitting cells to overexpress the mutant 
enzyme (Example 1) 

20 2. Cleavage of cruciform structures. The unmodified enzyme 

ME(WT) had 20 fold reduction of activity in manganese buffer 
compared with its activity in magnesium buffer. In contrast, 
modified enzymes ME (PA/A) and ME (APA) showed similar activity 
in the different buffers. However, ME (APA) generated nicked DNA 

25 or linear DNA in equal amounts whereas ME(PA/A) produced double 
strand breaks (Example 2). This altered activity permits resolution 
of branched DNA. 

3. The unmodified and the modified DNA cleaving enzymes 
30 both can find a nick in double-stranded DNA and cleave against the 
nick resulting in non-sequence specific cleavage of double-stranded 
DNA into fragments with 3 or 4 base overhangs (Example 2). 
However, the modified enzyme has greater cleavage activity in 
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5 manganese buffer than in magnesium containing buffer. This . 
property has utility in nick site mapping. 

4. Both modified and unmodified enzymes have non-specific 
nuclease activity but the modified enzyme has less nuclease activity 

10 in magnesium containing buffer than the wild-type enzyme. The 
modified enzyme has greater nuclease activity of an amount 
comparable to the unmodified enzyme in manganese-containing 
buffers. Non-specific nuclease cleavage can provide random 
ligatable DNA sequences suitable for shotgun or other types of 

15 cloning. An advantage of this approach over the use of, for 
example, DNase I is that it is possible to control the size of the 
fragments and to avoid shredding the DNA of interest into tiny 
pieces. 

20 5. Both modified and unmodified enzymes recognize single 

base mismatches. However, the modified enzyme has greater 
activity and recognizes a wider range of substrates than the 
unmodified enzyme in manganese buffer. For analysis of single 
nucleotide polymorphisms (SNPS), the target DNA is denatured and 

25 hybridized to related DNA, which lack the polymorphisms. This 

results in single base mismatches of which there are 8 possibilities: 
A to A, A to G, A to C, C to T, C to C, G to G, G to T and T to T. 
These can all be recognized by the modified enzyme (Example 2). 
These modified enzymes provide a useful tool for SNP detection 

30 analysis utilizing mismatch detection. 

A DNA cleaving enzyme having at least 35% amino acid 
identity with T7EndoI and having two catalytic centers separated by 
a 0-bridge, where the p-bridge contains a mutation that results in 
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altered enzyme activity as described herein can be provided in a kit 
with a suitable buffer, for example, containing manganese ions or 
magnesium ions as appropriate for the desired function according to 
above. The kit may additionally contain a DNA size ladder. 
Instructions may further be included in the kit. Alternatively, the kit 
may include a plasmid encoding the endonuclease or indeed a 
transformed host cell preparation containing a recombinant vector 
expressing the mutated nicking endonuclease. 

All references cited herein are incorporated by reference. In 
addition, U.S. provisional application serial number 60/524,123 filed 
November 21, 2003 and Guan et al. Biochemistry 43:4313-4322 
(2004) are herein incorporated by reference. 



EXAMPLES 

Example 1: Generation of Mutations at the Bridge Site and 
Over-expression of the Modified Enzymes 

Materials and Methods 

Restriction enzymes, nicking enzyme N.BstNB I, DNA 
polymerases, T4 ligase, T4 DNA kinase, p-agarase, k Exonuclease, 
the maltose-binding protein (MBP) protein fusion expression and 
purification system including plasmid pMAL-c2x, the host E. coli 
strains TBI and ER2566, Factor Xa protease, the cruciform 
structure-containing plasmid pUC(AT) and plasmid LITMUS 28 were 
obtained from New England Biolabs Inc. (New England Biolabs, Inc., 
Beverly, MA). Synthetic oligonucleotides were synthesized using 
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5 standard techniques. T7 phage DNA encoding T7 Endo I has a 
sequence corresponding to SEQ ID NO:l. 

Method for Recombinant DNA and Mutagenesis 

10 DNA manipulation and site-directed mutagenesis (Kunkel, 

Proc. Natl. Acad. Sci. USA. 82(2):488-92 (1985 Jan)) or by PCR 
were carried out as described in Molecular Cloning by Sambrook et 
al. (Sambrook, J. and Russell, D.W. (2001) Molecular Cloning: a 
Laboratory Manual , pub. Cold Spring Harbor Laboratory, Cold 

15 Spring Harbor, NY (2001)). 

Cloning T7 Endol mutants 

For cloning T7 Endo I from phage chromosomal DNA by PCR, 
20 two primers were used: 

oligo-1: CCCGAATTCATGGCAGGTTACGGCGCT (SEQ ID NO:2; 

and 

oligo-2: CCCCCAAGCTTA I I I CI I I CCTCCTTT (SEQ ID NO: 3) 

25 

The PCR product was treated with restriction enzymes, and 
cloned into the Hind III-EcoR I site of plasmid pUC19, resulting in 
plasmid pEndo I. For construction of pEndo(Ap2) (where Ap2 is 
deletion of the second p sheet) and pME(A£2) from pEndo I, two 
30 sequential PCRs ( two-step PCR) were performed. In the first step 
pEndo I was used as template. 

Oligo-1 and oligo-4 
(TGG AAGTAAG AAGTCTGGCCACTCTTCATA) (SEQ ID NO:4)were 
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5 used as primers for obtaining the 5' part of the gene; oligo-3 
(TTCGAGTATGAAGAGTGGCCAGACTTCTTA) (SEQ ID NO: 5) and 
oligo-2 were used for the 3' part of the gene. 

In the second step, a 1 to 1 mixture of the purified 5' and 3' 
10 products from the first step was used as template; oligo-1 and -2 
were used as primers. For each step, 10 to 15 cycles (95°C. 0.5 
min; 45°C, 0.5 min; 72°C, 0.5 min) of PCR were performed. The 
final product was cloned into pUC19 and pMAL-c2x resulting in 
pEndo(Ap) and pME(Ap2), respectively. A recognition sequence for 
15 restriction enzyme Msc I was generated at the deletion site. For 
construction of pME(PA/A) from pME(Ap2), two DNA 
oligonucleotides, 

oligo-5 : AAAGTGCCTTATGTAATTGCGAGCAATCACACTTACACT 

20 (SEQIDNO:7) 

oligo-6:AGTGTAAGTGTGATTGCACGCAATTACATAAGGCACTTT 

(SEQIDNO:8) 

were annealed, then inserted into the Msc I site of pME(Ap2). 
25 pME(APA) was constructed as pME(PA/A), except for using two 
different oligonucleotides, 

oligo-7: AAAGTGCCTTATGTAATTAGCAATCACACTTACACT (SEQ 
ID NO:9) and oligo-8: 
30 AGTGTAAGTGTGATTGCTAATTACATAAGGCACTTT (SEQ ID 

NO:10). 
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5 Preparation of Substrates for Heteroduplex Analysis 

For construction of pAAT, pACT, pAGT and pATT from 
pEndo(A02), two oligonucleotide mixtures were: 

10 oligomix-9: AAAGTGCCTTATGTAAATTCCCANTAATCACACTTACACT 
(SEQ ID NO: 11); and oligomix-10: 

AGTGTAAGTGTG ATTANTGG GMTTTACATAAGGCACTTT (SEQ ID 
NO: 12) were annealed, then inserted in the Msc I site of 
pEndo(Ap2). The desired individual clones were verified by DNA 
15 sequencing. 

DNA sequencing was performed on Applied Biosystems, Inc.'s 
automated DNA sequencers (3100) using Big Dye labeled dye- 
terminator chemistry (Applied Biosystems, Inc., Foster City, CA). 
20 The cloned DNA and the DNA used as templates for preparing 
substrates by PCR were verified by sequencing. 

Preparation of Heteroduplex Substrates 

25 For preparation of hybrid substrates by melt-anneal 

treatment, two purified PCR products described above were mixed 
in annealing buffer (20mM Tris. 7.6, 50 mM NaCI) at a 1:1 ratio. 
The mixture was incubated at 95°C for 5 minutes followed by 
incubating at 65°C for 1 hour, then gradually cooled down to room 

30 temperature. For preparation of heteroduplexes by annealing 

purified single-strand DNA, a positive strand and a negative strand 
were mixed at 1 to 1 ratio in annealing buffer, then subjected to 
melt-anneal treatment. 
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5 Gene Expression and Protein Purification 

Expression and purification of gene products using the MBP 
fusion and expression system were carried out as described 
previously (Sambrook, J. and Russell, D.W. (2001) Molecular 

10 Cloning: a Laboratory Manual , pub. Gold Spring Harbor Laboratory, 
Cold Spring Harbor, NY (2001); Riggs, P. Current Protocol in 
Molecular Biology, ed. Ausubel, F.A. et al. 16.6.1-16.6.14, pub. 
Green Associates/Wiley Interscience, New York (1994)). 
Modifications to the standard protocol and preparation of non-fusion 

15 enzyme were described previously (Guan, C, et al. J. Biol. Chem. 
19:1732-1737 (1996)). The purified enzyme, either the native 
enzyme or its MBP fusion form, was stored in 50% glycerol at 
-20°C. Protein Analysis-Protein concentration was determined by 
the Bio-Rad Protein Assay using bovine serum albumin as a 

20 standard. Molecular weight and purity determinations were carried 
out by SDS-PAGE analysis and MALDI-ToF mass spectrometry using 
Applied Biosytems Inc.'s Voyager DE (Applied Biosystems Inc., 
Foster City, CA). N-terminal protein sequence analysis was 
performed on a Procise 494 Protein/Peptide Sequencer (Applied 

25 Biosystems Inc., Foster City, CA). 

To assay resolvase activity, 1 \ig of the cruciform-containing 
plasmid pUC(AT) in 20 \i\ of buffer (20 mM Tris, pH 7.6, 50 mM 
NaCI, 2 mM DDT) with 2 mM MgCI 2 or 2 mM MnCI 2 was incubated 
30 with variable amounts of purified enzyme at 37°C for 30 minutes. 
The digests were then analyzed by agarose gel-electrophoresis. 
Quantitative analysis of DNA or protein bands on the gel was 
performed on a Bio-Rad Phosphoimage autodensitometer. 
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5 Results: Preparation and Overexoression of T7 Endonuclease 
Mutants 

The T7 Endo I gene was obtained by PCR using genomic DNA 
isolated from T7 phage as a template. The gene was cloned as a 

10 480-base pair (bp) EcoRI-Hindill fragment on plasmid pUC19, 

named pEndo I, with the orientation of the cloned gene opposed to 
the lac promoter on the vector. This EcoRI-Hindill fragment should 
be transferable from pEndo I into the EcoRI-Hindill site of pMAL- 
c2x plasmid to form an MBP-Endo I in-frame gene fusion. The first 

15 attempt to construct the MBP-Endo I fusion in the pMAL system was 
unsuccessful. The ligation mixture yielded no colonies upon 
transformation of the host cells, even though multiple copies of the 
laclq gene were present in the host. Anticipating that this failure 
might result from toxic expression even in un-induced cells, a 

20 variant pMal vector (pMalC2x-NEB) was constructed with the more- 
tightly regulated T7 promoter instead (Studier et al. Meth. Enzymol. 
185:60-89 (1990)). Using this vector, the construct was obtained. 
In a T7-promoter expression host such as ER2566 or TD-1, 2 to 5 
ng of ME could be purified routinely from 1 liter of induced culture. 

25 

To generate mutations in the p-bridge while minimizing PCR 
errors, we constructed an inactive recipient ME fusion vector with 
the region of interest deleted, to which synthetic oligonucleotides 
could be added back. Briefly, the DNA encoding the second p sheet 
30 (p2), from residue 40 to 53, was removed from pEndo I by two-step 
PCR, and replaced by an MscI site. The resulting plasmid was 
named pEndo(A(52). The mutated gene Endo(Ap2) was transferred 
as an EcoR I-Hind III fragment into the EcoR I-Hind III site of 
pMAL-c2x to produce plasmid pME(Ap2). This plasmid was stable in 
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5 the E. coli host TBI or ER2566. Other mutants were generated by 
inserting short synthetic double-stranded DNA into the MscI site of 
pME(A|J2). The MBP-Endo I mutants were named as follows: 
ME(APA), where the two residues P46 and A47 located at the p- 
bridge center were removed; ME(PA/A) where the dipeptide PA was 

10 replaced by the single residue A. The dipeptide PA was also replaced 
by other single amino acids, dipeptides, tripeptides or tetrapeptides 
to generate different variants such as ME(PA/G), ME(PA/AA), 
ME( PA/PGA) and ME(PA/PAPA ) and so on. In mutation ME(Abdg), 
all 6 residues (44-49) that form the bridge were removed. 

15 

The severe cellular toxicity of T7 Endol was significantly 
reduced in many of these mutants, since the mutant genes could be 
maintained in pMALc-2-x vectors without causing severe host 
growth defects. In contrast to the wild-type ME, large amounts of 
20 MBP-fused mutant proteins were produced after induction. 30-50 
mg/L of fusion protein was routinely obtained following a single step 
of amylose affinity chromatography (Figure 1). 

The purified wild-type ME fusion was as active as the enzyme 
25 from which the MBP part had been removed using Factor Xa 

cleavage, judged by activity titration using pUC(AT) (see Materials 
and Methods above and discussion below), and taking the molecular 
weight of fusion protein into account. Since the MBP-Endo I fusion 
was fully active, the experiments in this study were carried out 
30 using the purified fusion proteins. 
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5 Example 2: Characterization of two deletion mutants 
ME(PA/A) and ME(APA). 

1. Cleavage of Cruciform Structure DNA 

10 A cruciform structure stabilized on a negatively supercoiled 

plasmid is structurally similar to a four-way junction of DNA. T7 
Endo I resolves both DNA structures with high efficiency (Parkinson, 
MJ. and Lilley, D.MJ. J. Mol. Biol. 270:169-178 (1997)). To 
compare the enzymatic activities among different T7 Endo I 

15 mutants, we defined specific activity using cleavage of a cruciform- 
containing-plasmid, pUC(AT) as a substrate. One unit of activity 
was defined as the amount enzyme that was needed to convert 1 

of supercoiled pUC(AT) to either the linear form (with both 
strands cut) or the nicked form (with a single strand cut), in 20 ml 

20 of reaction at 37°C in 30 minutes. We measured the specific activity 
by enzyme titration assay. The results are presented in Figure 2. 

In Mg 2+ buffer, the specific activities of ME and ME(PA/A) 
were about the same, 600 to 800 U/mg (Figure 2, Panels al and 

25 Bl). When Mg 2+ buffer was replaced with Mn 2+ buffer, the activity 
of ME was reduced by about twenty-fold, to only about 40 U/mg 
(Figure 2, panel a2). In contrast, the activity for ME(PA/A) remained 
about the same (600 to 800 U/mg) in either Mg 2+ or Mn 2+ buffer 
(Figure 2, panels bl and b2). The final products with either ME or 

30 ME(PA/A) were basically the same, linearized plasmid. Singly-nicked 
intermediates were not observed, suggesting that cleavage of both 
strands is concerted. Thus, the deletion of proline relieved the Mn 2+ 
inhibition without altering the reaction progress. 
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5 In contrast, for ME(APA), a change in reaction progress and in 

ion-dependence was observed. The overall activity of this enzyme 
was slightly lower, about 400 U/mg, and remained about the same 
in either Mg 2+ or Mn 2+ buffer (Figure 2, Panels cl and c2). However, 
the products were dramatically different from those produced by 

10 wild-type and ME(PA/A): in Mg 2+ buffer most (>90%) of the final 
products were nicked plasmids (single cleavage) and less than 10% 
were linear products (double cleavage; Figure 2, Panel cl). For this 
enzyme but not the others, Mn 2+ affected the identity of the 
products, increasing the percentage of doubly-cleaved products to 

15 50% (Figure 2, Panel c2). 

We examined the progress of the reaction both at low and at 
high enzyme: substrate ratio in Mg 2+ buffer (Figure 3). Although 
ME(APA) could eventually convert the nicked plasmid into linear 

20 form after a prolonged incubation, or when high concentrations of 
enzyme were used (Figure 3, Panel b), at low enzyme concentration 
the rate of second-strand cleavage was more than 100 times slower 
than that of the first one. Reaction conditions in substrate excess 
(with low concentrations of enzyme, as in Figure 3, Panel a) require 

25 each enzyme molecule to carry out multiple turnovers to complete 
the first strand cleavage on all substrate molecules. Thus, first and 
second strand cleavage appear to be two separate reactions for this 
enzyme. 

30 Restriction digestion analysis on the final products of the 

resolvase reaction confirmed that ME(PA/A) and ME(APA) cleaved 
pUC(AT) at the cruciform structure site as did ME. Further 
shortening of the bridge to yield ME(Abdg) resulted in very low 
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5 nicking activity (5-10 U/Vg) without any double-stranded cleavage. 
This residual activity was still specific for the cruciform structure. 

These results showed that the two catalytic domains in the 
active mutants were folded correctly and fully active. We also infer 

10 that each domain functions independently as a nicking 

endonuclease. It was necessary to maintain a proper geometrical 
relation between the two catalytic centers for the enzyme to 
effectively resolve cruciform DNA. Genetically changing the relative 
position of the two centers resulted in alteration of the enzyme 

15 efficiency, the metal ion preference, the reaction kinetics and the 
distribution of final products. 

2. Non-specific Endonuclease Activity 

20 Non-specific endonuclease activity of T7 Endo I was observed 

when high concentrations of enzyme were used. To compare the 
non-specific nuclease activity among T7 Endo I variants, 1 \ig of 
lambda phage DNA was incubated with variable amounts of enzyme 
in a 20ml reaction at 37°C for 30 minutes. The digests were 

25 subjected to gel electrophoresis. The results are presented in Figure 
4. 

For the wild type enzyme ME, the non-specific nuclease 
activity was about the same in either Mg 2+ or Mn 2+ buffer (Figure 4, 
30 Panel al and Panel a2). This contrasts with the 20-fold ion effect 
with the specific substrate (see above). Mutations also selectively 
affected the nonspecific nuclease activity: both mutants ME(PA/A) 
and ME(APA), showed 20 and 50 times lower non-specific nuclease 
activity in Mg 2+ buffer than did ME (Figure 4, Panels bl and cl), 
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5 whereas on the specific substrate there was little reduction in 
specific activity. Mn 2+ spared the non-specific nuclease activity of 
both mutants: nonspecific degradation was achieved at similar or 
lower enzyme concentrations as observed with ME (Figure 4, Panels 
b2 and b2). 

10 

Adding Mg 2+ to the reaction mixture containing Mn 2+ 
competitively inhibited the elevated non-specific nuclease activity of 
ME(PA/A) and ME(APA). Addition of 10 to 20 mM of Mg 2+ to the 
2mM Mn 2+ buffer eliminated more than 90% of the non-specific 
15 nuclease activity of these enzymes. 

Shotgun cloning and sequence analysis of lambda DNA 
fragments produced by digestion with ME or ME(PA/A) indicated 
that the enzyme cleaved linear DNA randomly (Figure 15). 

20 

3. Cleavage of Nicked DNA Duplex 

We showed above that ME(APA) cleaves DNA at a nick site, 
eventually converting the nicked intermediate of pUC(AT) to the 

25 linear form (Figure 3, Panel b). To determine whether T7 Endo I 
could cleave at any nick or only during the progress of a resolution 
reaction, we made a linear nicked substrate with no cruciform 
character. Plasmid pNB I (New England Biolabs, Inc., Beverly, 
MA), which contains a single site for the site-specific nicking 

30 enzyme N.BstNBI, was digested with the nicking enzyme first, then 
digested with BsaHI, The resulting product was a 2.5-kb linear DNA 
molecule with a nick about 600 bp from one end of the molecule. 
The same protocol without N.BstNBI nicking yielded an un-nicked 
control substrate. These substrates were then incubated with ME in 
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5 Mg 2+ buffer and fragments were resolved on an agarose gel. The 
nicked substrate yielded the expected 0.6-kb and 1.9-kb DNA 
fragments in addition to the original 2.5-kb DNA (Figure 5), while 
the control yielded only the 2.5-kb substrate DNA. This indicates 
that T7 Endo I recognizes the presence of a nick in the duplex and 

10 cleaves the molecule at or near that site. 

Cleavage opposite or approximately opposite a nick is a novel 
activity, so we investigated the properties of the mutants described 
above on this new substrate, and again compared the ability of 
15 Mg 2+ or Mn 2+ to support the reaction. The results are presented in 
Figure 6. 

In contrast to cruciform resolution, where Mn 2+ inhibited the 
wild-type enzyme, the wild-type ME showed equivalent activity at 

20 the nick in either Mg 2+ or Mn 2+ buffer (Figure 6, Panels al and a2). 
This suggests that it is the first-strand cleavage of the cruciform 
that is inhibited by Mn 2+ for this enzyme. For ME(APA), the activity 
in Mg 2+ buffer was undetectable (Figure 6, Panel cl), while in Mn 2+ 
the activity was significantly increased (Figure 6, Panel c2). This 

25 behavior is compatible with its activity on the cruciform substrate, 
in that Mg 2+ supported activity on the cruciform resulted primarily 
in nicked products, while Mn 2+ resulted in double strand cleavage. 
This suggests that the enzyme was unable to efficiently complete 
the resolution reaction by cleaving opposite or approximately 

30 opposite to the first nick in Mg 2+ , but that Mn 2+ supported cleavage 
opposite or approximately opposite the nick, as seen here. 

In the presence of Mn 2+ , ME(PA/A) was a more active enzyme 
than its wild-type counterpart for nick site cleavage. Indeed, 
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5 additional products are obtained, not seen with the wild-type where 
the products corresponded to the increased general non-specific 
activity observed with this enzyme above. In the present 
experiment, the amount of enzyme is much less (20 ng) than that 
used to obtain extensive non-specific activity (400 ng). 

10 

Figure 7 illustrates our approach to determining the location 
of cleavage of this nick site activity. Briefly, plasmid pNBl was first 
treated with nicking enzyme N.BstNB I, then cleaved with ME or 
ME(PA/A) in Mn 2+ buffer. The linear plasmids were identified and 

15 purified from the agarose gel. After the ends were polished to 
create flush ends with T4 DNA polymerase plus dNTP, a 300 bp 
flush-ended Stu I-SnaB I fragment isolated from plasmid Litmus 28 
and containing the multiple cloning site and primer binding sites for 
sequencing was ligated to these products. The recombinant 

20 plasmids were isolated from individual transformants and 

sequenced using the two primers selected from oligonucleotides 
S12050 and S12051 (NEB, Beverly, MA), reading outward from the 
center of the MCS inserts. The results showed that the 
endonuclease introduced a single cut, in the continuous strand, 

25 displaced 5' from the nick by 3 or 4 bp. These two positions were 
found with about an equal frequency (data not shown). The 
sequencing data also showed that under the conditions of the 
experiment, the enzyme did not cleave the short single-stranded 
overhangs at sticky ends generated during the reaction, since the 

30 duplication created by the fill-in reaction was intact. 
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5 4. Cleavage of DNA Heteroduplex with Single-Base Mismatches 

To test the ability of 17 Endo I and its mutants to cleave DNA at 
single-base mismatch sites, we made use of mutated pEndo I genes 
created during the mutagenesis project. Four individual pEndo I 

10 derivatives, named pAAT, pACT, pAGT and pATT were constructed 
(see experimental procedures). The only difference among them 
was that there was a single base variation at the same position of 
the gene. Using the 4 individual clones as templates 4 PCR 
products, about 480 bp long, named pcrAAT, pcrACT, pcrAGT and 

15 pcrATT, were obtained. Single-base mismatch heteroduplex 
molecules could be obtained by mixing any two of the 4 PCR 
products followed by melt-anneal treatment (Babon, JJ., et al. 
Molecular Biotechnology, 23:73-81 (2003)). 6 hybrid mixture 
substrates, named hmAATxACT, hmAATxAGT, hmAATxATT, 

20 hmACTxAGT, hmACTxATT and hmAGTxATT, were prepared. Each 
hybrid mixture was expected to contain two different 
heteroduplexes besides the two original homoduplexes. For 
example, hmAATxACT contained both A/G and C/T single-base 
mismatch heteroduplexes besides the original pcrAAT and pcrACT. 

25 The mismatch site was about 150 bp away from one end of the 
molecule. The maximum content of heteroduplexes in an individual 
hybrid mixture was 50%. Two different hybrid mixtures may contain 
the same kind of base mismatch, but the sequences flanking the 
mismatch site are different. 

30 

The 6 hybrid mixtures were incubated with ME, ME(PA/A) and 
ME(APA), respectively, in either Mg 2+ or Mn 2+ buffer. The digests 
were subjected to agarose gel electrophoresis (Figure 8). The 
results showed that in all cases, ME digested the heteroduplex to 
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5 create 150-bp and 330-bp from the original 480-bp one. In the 
control directly using pcrAAT, ACT, AGT or ATT as substrates, only 
the original 480-bp DNA band could be identified (Figure 8, panels 
al and a2). These indicated that ME cut at least one of the two 
heteroduplexes present in each of 6 hybrid mixtures. The cleavage 

10 efficiency on these substrates with ME was about the same in either 
Mg 2+ or Mn 2+ buffer. However, in Mg 2+ buffer the cleavage with 
ME(PA/A) or ME(APA) was almost undetectable (Figure 8, Panels bl 
and cl). The cleavage efficiency for ME(PA/A) or ME(APA) was 
significantly increased by replacing Mg 2+ with Mn 2+ in the reaction 

15 (Figure 8, Panels b2 and c2). In the presence of Mn 2+ , ME(PA/A) 
was at least as active as ME was for cleavage of single-base 
mismatched DNA in hybrid mixture substrates. ME(APA) was a less 
active enzyme, even in Mn 2+ buffer. 

20 In order to assess the cleavage efficiency of the enzyme with 

each kind of single-base mismatch, we prepared heteroduplex 
substrates, each of which contained only one of the possible 
mismatches (Figure 9, Panel A). Briefly, 8 single-strand DNA 
molecules, about 480 base long, named ssAAT(+), ssAAT(-), 

25 ssACT(+), ssACT(-) and so on were generated, using lambda 
exonuclease to selectively digest one strand of the relevant PCR 
product Annealing each one of the positive strands with each one of 
the negative strands could produce 16 duplex DNA molecules, 12 of 
them single-base mismatch heteroduplexes and4 homoduplex 

30 molecules (Figure 9, Panel B). The base mismatch site was about 
150 bp away from one of the ends of the molecules. Some 
heteroduplexes may contain the same kind of mismatches, but the 
sequences around the mismatches are different. 
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5 The 16 DNA duplexes prepared above were incubated with ME 

and ME(PA/A) in Mn 2+ buffer respectively. The digests were 
resolved on agarose gels (Figure 10). The results showed that the 4 
regular DNA duplex molecules generated by annealing two 
corresponding positive and negative strands were not specifically 

10 cleaved by either ME (Figure 10, Panel A) or ME(PA/A) (Figure 10, 
Panel B). Both enzymes could effectively cleave heteroduplexes at 
the single-base mismatch sites where at least one of the 
mismatched bases was cytosine. Neither enzyme cleaved DNA at a 
G/G mismatch site very efficiently. The most profound difference 

15 between the two enzymes was that ME(PA/A) had much higher 
activity at A/A and T/T mismatches than did ME. In general, 
ME(PA/A) in the presence of Mn 2+ was a more efficient enzyme than 
its wild type counterpart when cleaving DNA at single-base 
mismatch sites. To determine the cutting pattern by the enzyme at 

20 single-base mismatch sites, we performed an experiment as 

illustrated in Figure 11, Panel a. Briefly, plasmids pAAT, pACT, pAGT 
and pATT were linearized by digestion with Hindlll. The four linear 
plasmids were mixed and subjected to melting-anneal treatment. 
The annealed plasmid mixture was treated with T4 ligase plus ATP 

25 to produce relaxed circular molecules. The majority (up to 75%) of 
the recirculated plasmids should contain a single-base mismatch 
site that is sensitive to cleavage by T7 Endo I. The ligation mixture 
was digested with ME(PA/A) in Mn 2+ buffer followed by treatment 
with T4 DNA polymerase plus dNTP to blunt the ends, then 

30 subjected to agarose electrophoresis. The DNA band representing 
the full-length linear plasmids was isolated from the gel (Figure 11, 
Panel b). The purified linears were treated with T4 ligase and 
transformed into an E. coli host TBI. Plasmids were isolated from 
individual transformants sequence across the ligation junction using 
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a primer located 150 bp away from the original mismatch site. The 
results showed that ME(PA/A) cleaved both strands of DNA 5' to, 
and 1 to 3 bp away from, the mismatched base, generating 3 to 7 
(many of them 4 to 6) bp long sticky ends, as judged by the length 
of the duplication generated at the mismatch site. 



